In recent years, there has been a resurgence in the importance of small rings in chemistry programmes. 1 In particular, from a pharmaceutical and agrochemical perspective there is interest in developing new methods to access these molecular entities, 2 with a focus towards developing more sustainable processes. In addition, the general demand to generate flexible building blocks, susceptible to further molecular elaboration, is driving the science in this area. 3 Cyclobutanones represent an interesting class of small rings 4 as they are associated with a reactive versatility, 5 mainly due to their ring strain (ca. 25 kcal mol As part of an ongoing research programme, we became interested in the preparation of mono-substituted cyclobutanones as a generally underexplored class of small rings. We were interested in developing a reliable and robust procedure to the preparation of mono-substituted cyclobutanones, minimising risks and providing a potentially scalable process.
A classical approach to these systems involves cycloaddition reactions of ketene intermediates 6 or, more effectively, keteneiminium salts species. 7 In the latter case, Ghosez On the other hand, the advent of new technologies and advanced synthesis equipment 8, 9 has opened improved safety windows. Based on our expertise in the use of these enabling methods to solve chemical synthesis problems, 8 we undertook a program to study the preparation of 2-monosubstituted cyclobutanones with the use of the tube-in-tube 10 technology as an advantageous gas-feeding method for chemical reactions, which overcomes reactive gas handling issues. 10a More precisely, the approach focused on the use of a standard flow system with in-line tube-in-tube reactor to control the introduction of ethylene gas (Scheme 2). Previous investigations highlighted the importance of using bis-allyl amides, as precursors on these cycloaddition reactions, to afford a reasonably yielding process.
7h For the 
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View Journal | View Issue first set of experiments, we explored the use of 2,6-lutidine as an additive base, particularly owing to its low cost. Whilst ethylene gas was dosed using the tube-in-tube reactor, triflic anhydride and the reagents were loaded via 10 mL reaction loops. A first screening of conditions highlighted that temperature, residence time and pressure were all crucial parameters. The best reaction profile was obtained at 60°C
, whilst reducing or increasing the temperature gave no benefits to the overall reaction. We identified the optimum residence time to be 20 min, with a pressure differential of 10 bar (see Table S1 in the ESI †). However, as shown in Scheme 2, our attempts to optimise the reaction conditions beyond 65% for the preparation of 3a were not successful nor with other amides could this be improved.
An analysis of the reaction mechanism suggested the basicity of the 2,6-lutidine may be an obstacle to the reaction outcome, as noted in previous works.
7d-h Consequently, switching to 2-fluoropyridine 11 afforded a process that could be applied to a wide range of substituted amides, mostly in high isolated yields (Fig. 2) . We then extended our investigation to study the reaction scope with respect to the aromatic acetic precursors (Fig. 2) . Under these new conditions, a 0.2 M solution of amide 1a (containing 1.2 equiv. of 2-fluoropyridine) was pumped (0.25 mL/min) through the tube-in-tube system where ethylene gas was fed at a pressure differential of 10 bar and the solution directed to a T-piece where it combined with a solution of triflic anhydride (0.25 mL/min); ‡ the reaction stream was then reacted in a 10 mL coil reactor at 60°C for 20 min. The output of the reaction was directed to a quenching pot which contained distilled water. Under these conditions, compound 3a was obtained with an improved 89% yield. The presence of both-electron-rich and electron-poor substituents was tolerated, giving acceptable yields in all cases. In general, the presence of electron-rich aromatic rings was associated with slightly better outcomes. The protocol tolerated hetero-aromatic rings (3c and 3h, 92% and 65% yield respectively) and proved to be suitable for bis-derivatives (3g, 78% yield). The presence of ortho-substituents gave product 3i in slightly lower yield (51% isolated).
Next, we increased further the scope of the method using aliphatic derivatives (Fig. 3) . Generally, these derivatives gave good yields with no major by-products being detected. The presence of ester and halogen groups was well tolerated, with compounds 3l and 3m being obtained with good yields (52% and 68%, respectively). An interesting example containing a terminal alkyne moiety, readily afforded 3p (47% yield).
Scheme 1 a) Synthesis strategies for the preparation of monosubstituted cyclobutanones and b) mechanistic overview for the cycloaddition of keteniminium salts and ethylene.
Scheme 2 Machine-assisted reaction set up for screening. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Moreover, 2-alkylcyclobutanones (2-ACBs), such as 2-hexylcyclobutanone (3n, 96% yield), represent important markers for the analysis of irradiated food; this protocol can easily apply to the synthesis of such compounds, where previous methods of synthesis failed to provide reasonable yields.
12
To prove the robustness of method, we examined the ability of the machine-assisted method to afford larger amounts of material, obtaining 3.92 g of 3c in a consistent 92% yield (Scheme 3). To make the system fully continuous, we collected the iminium intermediate 4c in a reservoir and then combined the organic solution with an aqueous stream (2.5 mL/min flow rate for each channel), reacting the biphasic mixture at 80°C in a static-mixer coil 13 (35 mL, 7 min residence time) (see ESI †), and used a membrane-based liquidliquid separator to continuously collect the organic output. 14 In conclusion, we have developed a safe and reliable route for the generation of mono-substituted cyclobutanones, using ethylene as gaseous coupling partner. The use of flow chemistry and the combination of the tube-in-tube technology clearly offers advantages of safety, reproducibility and potential scalability.
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Notes and references ‡ The solution containing triflic anhydride was pumped with a peristaltic pump; the polymer tubing must tolerate this reagent. In our case, we used a SF-10 pump from Vapourtec (https://www.vapourtec.com/), with the red tubing.
Scheme 3 Scale up to afford compound 3c. View Article Online
